Received: October 04, 2000, Accepted: November 10, 2000

HYPER VERSION

D-branes from N non-BPS D0-branes

Josef Klusoň

Department of Theoretical Physics and Astrophysics Faculty of Science, Masaryk University Kotlářská 2, 611 37, Brno, Czech Republic E-mail: klu@physics.muni.cz

Abstract: In this paper we would like to show that from N non-BPS D0-branes in type-IIB theory we can obtain all BPS and non-BPS D-branes through tachyon condensation in the limit N → ∞.

Keywords: D-branes, M(atrix) Theories.

Contents

1. Introduction 1

2. Non-BPS D-brane action 2

3. Applications 5

4. D1-brane 8 4.1 Other BPS D-branes from non-BPS D0-branes 10

5. Non-BPS D-branes from non-BPS D0-branes 12

6. Conclusion 16

1. Introduction

In the recent years there was a significant progress in the understanding of the unstable configurations in superstring theories. This work has been pioneered with the seminar papers by A. Sen [1]. It was argued in [2, 3] that all D-branes can arise as solitonic solutions in the world-volume theory of the unstable configurations of D-branes. (For review of the relation between K-theory and D-branes, see [4], for recent discussion, see [5, 6, 7].)

Evidence for this proposal was given from the analysis of CFT description of this system [1], for review of this approach, see [8, 9]. It was also shown on many examples that string field theory approach to this problem is very effective one which allows to calculate tachyon potential [10]–[26]. Recently this problem was also studied from the point of view of the Witten’s background independent open string field theory [28]– [35]. Success of string field theory in the analysis of tachyon condensation indicates that string field theory could play more fundamental role in the non-perturbative formulation of string theory.

The second approach to the problem of tachyon condensation is based on the non-commutative geometry [36]. This analysis has been inspired with the seminal paper [37]. Application of this approach to the problem of the tachyon condensation was pioneered in [38, 39]. This research was then developed in other papers [6], [41]–[45].

In this paper we would like to discuss the problem of the tachyon condensation from slightly different point of view. We would like to show that non-trivial tachyon condensation is also possible in the action for N non-BPS D0-branes, which results in the emergence of higher-dimensional BPS and non-BPS D-branes in the process similar to the emergence of higher-dimensional branes in Matrix theory [46, 47] (For review, see [48]–[51]). However, there is an important difference. In matrix theory we work with the exact form of the action and with the maximal supersymmetric theory which allows to obtain exact result. On the other hand, we do not know exactly the form of a non-BPS D-brane action which can be guessed only on some general grounds. Possible form of this action was proposed in seminal paper [52], other attempts to define this action appeared in [53]–[58]. We also study system with maximally broken supersymmetry so that the analysis is much more difficult. However, we still believe that our approach is useful since it presents an evidence of the emergence of higher-dimensional D-branes from lower-dimensional ones thanks to the tachyon condensation. As we will see the resulting configurations carry the correct RR charges which allows us to expect that these solutions are well defined.

We start in section 2 with discussion of the bosonic form of the action for N non-BPS D9-branes. Then we use T-duality transformation, following [56], in order to obtain an action for N non-BPS D0-branes.

In section 3 we will discuss possible applications of this action. Since we do not know the exact form of this action, we restrict ourselves only to the linear approximation. We also show that the whole action (without restriction to the linear approximation) contains the solution corresponding to collection of non-BPS D0-branes. We also show that this action has a solution corresponding to the tensionless D0-branes, discussed recently in the case of non-commutative field theories [38, 39].

In sections 4 and 5 we will show that from the collection of N non-BPS Dbranes we can obtain all BPS and non-BPS D-branes in the limit N → ∞ when we can replace infinite-dimensional matrices with operators acting on some abstract Hilbert space. We will proceed in the same way as in the study of tachyon condensation in non-commutative theories [38, 39, 42] and we will show that these Dbranes carry non-zero RR-charge thanks to the existence of generalised Wess-Zumino term [59].

In the next section we start with the action for non-BPS D0-branes, which can be obtained from the action for non-BPS D9-branes through T-duality transformation.

2. Non-BPS D-brane action

In this section we will discuss the possible form of the action for N non-BPS D-branes, following the seminal paper [52]. Similar discussions were presented in [53]–[57].

We start with the most general form^1 of the action for N non-BPS D9-branes in the form S = − C_9 g_s ∫ d^{10}x Str (√ − det(E_{μν} +λF_{μν} ) [_∞ ∑ n=1 f_n(T^2)(λE^{μν} D_μT D_ν T )^n + V (T ) ]) , (2.1) where λ = 2πα^′ , C_p = √ 2T_p , T_p = 2π (4π^2α^′)^{(p+1)/2}

(2.2) and E_{μν} = G_{μν} + B_{μν} , D_μT = ∂_μT + i[A_μ, T ] , F_{μν} = ∂_μA_ν − ∂_ν A_μ + i[A_μ, A_ν ] , μ, ν = 0, . . . , 9 . (2.3)

The gauge field A_μ belongs to the adjoint representation of the gauge group U(N). Finally, V (T ) is the potential for the tachyon. We do not know much about functions f_n(T^2) with exception that should be even functions of its argument [52]. There is also one intriguing conjecture [56, 57] which says that these functions could be equal to the tachyon potential and consequently should be equal to zero for T^2 = T^2_{min}, where T_{min} is a tachyon value at the local minimum. In this paper we will suppose that these functions do not need directly equal to V (T ) but we will assume that they are zero for T = T_{min} and also that they obey df_n(T )/dT = 0 for T = T_{min}. In other words, we expect these functions in the form

f_n(T^2) = ∑ m=1 b_{nm}(T^2 − T^2_{min})^m . (2.4)

Then the kinetic term has a form ∑ n=1 ∑ m=1 b_{nm}(T^2 − T^2_{min})^m(λE^{μν} D_μT D_ν T )^n . (2.5)

In (2.1) the Str means the symmetrised trace [60] Str(A_1, . . . , A_n) =^1_{n!} (Tr A_1 . . . A_n + permutations). In this trace we consider the field strength F and covariant derivative DT as a single object as well as (T^2 − T^2_{min}), otherwise we could not obtain the result that the action is equal to zero for T = T_{min}. The prescription for including the symmetrised trace was suggested in [60]. The evidence for this proposal was further given in [61, 62]. We must also stress one important thing. It seams to us that the tachyon potential should appear as a single object in the action (as for example a covariant derivative) in order to obtain from the action the correct value of the tachyon ground state and also in order to obey the requirement that for the tachyon

1We mean the most general form up to the first derivatives. Of course, there could be infinite number of higher derivatives. In the case when commutators are small the action with the first derivatives is the appropriate one.

equal to its vacuum value the action should vanish. When we used the potential as a matrix valued function, than the symmetrised trace would lead to the different arrangements of the various terms from the tachyon potential and we do not know how we could get a sensible result.

In order to obtain the action for lower-dimensional D-brane, we use T-duality in the same manner as in [56, 59]. Let us consider T-duality on a set of directions denoted with i, j = p + 1, . . . , 9. The fields transform as [63] Ẽ_{ab} = E_{ab} − E_{ai}E^{ij} E_{jb} , Ẽ_{aj} = E_{ak}E^{kj} , Ẽ_{ij} = E^{ij} , (2.6) where a, b = 0, 1, . . . , p and E^{ij} denotes the inverse of E_{ij} , i.e. E_{ik}E^{kj} = δ^j_i . One also has a dilation transformation

e^{2ϕ̃} = e^{2ϕ} det(E^{ij} ) . (2.7)

Now T-duality acts to change the dimension of D-brane world-volume. We have two possibilities: If a coordinates transverse to Dp-brane, e.g. y = x^{p+1} is T-dualised, it becomes D(p+1)-brane where y is now extra world-volume dimension. If a coordinate on the world-volume of Dp-brane is T-dualised, e.g. y = x^p, it becomes D(p − 1)- brane where y is now extra transverse dimension. In the first case, we have a rule for transformation of the world-volume fields

Φ^{p+1} =⇒ A_{p+1} , (2.8)

and in the second case A_y =⇒ Φ^y . (2.9)

In the second case, the corresponding field strength transforms as

F_{ay} =⇒ D_aΦ^y . (2.10)

In the T-duality transformation along the world-volume coordinate x^p we presume that all field are independent on this coordinate

∂_pΨ = 0 . (2.11)

However, this rule does not imply that D_xp Ψ is equal to zero, rather we obtain

D_pΨ =⇒ i[Φ^p, Ψ] . (2.12)

Now we are ready to discuss the action for non-BPS Dp-brane. We obtain this action from (2.1) applying T-duality transformations in p + 1, . . . , 9 dimensions, following [56, 59]. We will discuss the term

D̃ = det(Ẽ_{μν} + λF_{μν} ) . (2.13)

With using (2.6) we get

D = det ( E_{ab} − E_{ak}E^{kj}E_{jb} + λF_{ab} E_{ak}E^{kj} + λD_aΦ^j −E^{ik}E_{kb} − λD_bΦ^i E^{ij} + iλ[Φ^i, Φ^j ] ) . (2.14)

When we use the mathematical formula det ( A B C D ) = det ( A − BD^{−1}C B 0 D ) = det(A − BD^{−1}C) det(D) , (2.15)

we obtain [59]

D = det ( P [ E_{ab} + E_{ai}(X^{ij} − δ^{ij} )E_{jb} ]) det(Q^i_m) det(E^{mj} ) , (2.16)

where we have defined

Q^{ij} = E^{ij} + iλ[Φ^i, Φ^j ] , P [E_{ab}] = E_{ab} + 2λE_{ai}D_bΦ^i + λ^2E_{ij} D_aΦ^iD_bΦ^j , (2.17) and X^{kl} = E^{ki}(Q)^{−1}_{ij} E^{jl} . (2.18) We have also used

det(Q^{ij} ) = det(Q^{im}E_{mk}E^{kj}) = det(Q^i_m) det(E^{mj} ) . (2.19)

The analysis of F function in (2.1) is straightforward and we get F = V (T ) − ∞∑ n=1 f_n(T )λ^n ( (E^{ab} − E^{ai}E_{ij} E^{jb})D_aT D_bT + 2iE^{ak}E_{kj}[Φ^j , T ]D_aT − − E_{ij} [Φ^i, T ][Φ^j, T ] )_n . With using (2.7) we obtain the action for non-BPS Dp-brane S = − C_p g_s ∫ d^{p+1}σ Str (√ − det(P [E_{ab} + E_{ai}(X^{ij} − δ^{ij} )E_{jb}]× × √ det Q^i_j F (T, DT, . . .) ) . (2.20)

3. Applications

In this section we will discuss the various applications of the previous action. We will work with the non-abelian action for N non-BPS D0-branes in type-IIB theory. Thanks to gauge invariance, we can pose A_0 = 0. Than the covariant derivative is D_tΦ = Φ̇. We will work in the flat space-time background E_{ab} = η_{ab} , a, b = 0 , E^{ij} = δ^{ij} , i, j = 1, . . . , 9 . (3.1)

Then we have

Q^{ij} = δ^{ij} + iλ[Φ^i, Φ^j ] , P [E_{ab}] = −1 + λ^2(Φ̇^i)^2 , P [E_{ai}X^{ij}E_{jb}] = λ^2Φ̇^kδ_{ki}X^{ij}δ_{jl}Φ̇^l , (3.2)

and finally

P [E_{ab} + E_{ai}(X^{ij} − δ^{ij})E_{jb}] = −1 + λ^2(Φ̇^i)^2 + λ^2Φ̇^kδ_{ki}(X^{ij} − δ^{ij})δ_{jl}Φ̇^l . (3.3)

We will work in the leading order in λ in which the previous expression reduces into

−1 + λ^2(Φ̇^i)^2 (3.4)

and F (T, . . .) in the leading order approximation has a form

F = V (T ) + f(T )λṪ Ṫ + λf(T )δ_{ij}[Φ^i, T ][Φ^j , T ] . (3.5)

Using these results we obtain the action for N non-BPS D0-branes in the leading order approximation S = C_0 g_s ∫ dt Str ( −V (T ) + λ 2 Φ̇^iΦ̇^j δ_{ij} − λ^2 4 δ_{kl}δ_{mi}[Φ^i, Φ^k][Φ^l, Φ^m]V (T ) +

+ λf(T )Ṫ Ṫ + λf(T )δ_{ij}[Φ^i, T ][Φ^j , T ] ) . (3.6)

In what follows we will consider static configurations only, when all fields are time independent. Then the action is S = − C_0 g_s ∫ dtV(T, Φ) , V(T, Φ) = Str ( V (T ) + λ^2 4 [Φ^i, Φ^j ][Φ^j , Φ^i]V (T ) − λf(T )[Φ^i, T ][Φ^i, T ] ) . (3.7)

We will also consider the coupling of the non-BPS D-brane to the external RR field. This term was calculated in [64] for single non-BPS D-brane and we have generalised this term for N non-BPS D-branes in [54, 55]. Applying T-duality rules on these terms give complicated expression which was discussed recently in [65]. However in this paper we will discuss only the leading order term which for non-BPS D0-branes has a form μ_{−1} 2T_{min} ∫ dt Str P [ e^{iλiΦiΦ} ( Ṫ + i[i_Φ, T ] ) ∑ n C^{(n)} ] , (3.8)

where P is a pull-back to the world-volume of D0-brane and i_Φ is the interior product [66]. Acting on forms, the interior product is an anti-commuting operator of form degree −1, e.g.

C^{(2)} = 1 2 C^{(2)}_{μν} dx^μ ∧ dx^ν , i_vC^{(2)} = v^μC^{(2)}_{μν} dx^ν ,

i_wi_v = w^ν v^μC^{(2)}_{μν} = −i_vi_wC^{(2)} . (3.9)

We will see that this Wess-Zumino term (WZ) correctly reproduces the charges of higher-dimensional D-branes arising from tachyon condensation on the system of N non-BPS D0-branes.

We start with simple examples of tachyon condensation which are the solutions of the whole action as well. The first one is [41]

T = T_{min}(1 − P_k) = diag ( 0, . . . , 0^k, T_{min}, . . . , T^{N−k}_{min} ) , Φ^i = 0 , (3.10)

where P_k is a projector on the fist k states which has the form P_k = diag(1, . . . , 1^k). It is easy to see that this is a solution of the equation of motion since all commutators vanish (we do not need presume the condition f_n(T_{min}) = 0) and also it is easy to see that dV/dT = 0. The energy of this configuration is equal to E = C_0 g_s Str V (T ) =

C_0 g_s Tr V (T ) =

C_0 g_s k , (3.11)

where we have used V (0) = 1 [10]. This is the rest energy of k non-BPS D0- branes. However, there is also one non-trivial solution corresponding to tensionless D0-branes [41]

T = T_{min}(1 − 2P_k) = diag ( −T_{min}, . . . , −T^k_{min}, T_{min}, . . . , T^{N−k}_{min} ) , Φ^i = 0 . (3.12)

As in the previous solution commutators are equal to zero and the variation of the potential gives δV (T ) δT = ∞∑ n=1 na_n2T (T^2 − T^2_{min})^{n−1} , (3.13)

since we can presume that the potential has a form V (T ) = ∑_∞ n=1 a_n(T^2 − T^2_{min})^n.

Then we can immediately see that (3.12) is a solution which is a extreme of the potential since T^2_{min}(1 − 2P_k)^2 = T^2_{min} . (3.14)

The energy of this configuration is equal to E = C_0 g_s Tr V (T ) = 0 , (3.15)

since T^2 = T^2_{min}1_{N×N} . What is a physical meaning of this object? We think that this object is equivalent to the tensionless D0-branes discovered recently in [38, 39] in the framework of non-commutative theory. It was argued in [41] that these objects are gauge equivalent to the vacuum. The same problem was discussed in [21]. We see that we can obtain tensionless D0-brane in our approach. It would be very interesting to study fluctuation around this solution. We hope to return to this puzzle in the future.

4. D1-brane

In this section we will consider more general solution when V (T ) and f(T ) does not commute with Φ. Then the equation of motion for Φ^i has a form λ [ T, [Φ^i, T ]f(T ) ] + λ [ T, f(T )[Φ^i, T ] ] + λ^2 2 [ Φ^k, [Φ^i, Φ^k]V (T ) ] + + λ^2 2 [ Φ^k, V (T )[Φ^i, Φ^k] ] = 0 , (4.1)

and the equation of motion for tachyon dV (T ) dT ( 1 − λ^2 4 [Φ^i, Φ^j ][Φ^i, Φ^j] ) − λ df(T ) dT [Φ^i, T ][Φ^i, T ]− −λ ([ [Φ^i, T ]f(T ), Φ^i ] + [ f(T )[Φ^i, T ], Φ^i ]) = 0 . (4.2)

We take an ansatz

T = F (x̂_1) = ∑ b_nx̂^n_1 , Φ^2 = k^{−1}x̂_2 , [x̂_1, x̂_2] = ik , Φ^i = 70 , i = 1, 3, . . . , 9 , (4.3)

where F (x) approaches T_{min} for x → −∞ and −T_{min} for x → ∞. Then

[x̂^2_1, x̂_2] = 2ikx̂_1 , [x̂^3_1, x̂_2] = 3ikx̂^2_1 , . . . , [x̂^n_1 , x̂_2] = nikx̂^{n−1}_1 . (4.4)

Using this result we obtain

[T, Φ^2] = k^{−1} [ ∑ n b_nx̂^n_1 , x̂_2 ] = i ∑ n b_nx̂^{n−1}_1 n = i dT dx̂_1 , (4.5)

and consequently

[T^2, Φ^2] = 2iT dT dx̂_1 , [T^4, Φ^2] = 4iT^3 dT dx̂_1 , . . . , [T^{2n}, Φ^2] = i2nT^{2n−1} dT dx̂_1 . (4.6)

With these results in hand we obtain [ [Φ^2, T ]f(T ), Φ^2 ] = d dx̂_1 (T^′f(T )) , [ f(T )[Φ^2, T ], Φ^2 ] = d dx̂_1 (T^′f(T )) , (4.7) where T^′ = dT/dx̂_1. Then the equation of motion for tachyon has a form dV dT − λ df dT T^{′2} − 2λfT^{′′} = 0 . (4.8)

After multiplication with T^′ we get the result

V^′(T (x̂_1)) = (λfT^{′2})^′ −→ V (T ) = λf(T )T^{′2} , (4.9)

where the integration constant has been set to zero. In the previous expression we have used

(V (T (x̂_1)))^′ = ∑ a_n(T^{2n})^′ = ∑ a_n2nT^{2n−1}T^′ = dV dT T^′ . (4.10)

The equation of motion for Φ^2 is trivially satisfied since [ T, [Φ^2, T ]f(T ) ] = −i[T, T^′V (T )] = 0 . (4.11)

An energy of this solution is E = C_0 g_s Str V(T ) = 2

C_0 g_s Tr V (T (x̂_1)) , (4.12)

where we have used (4.9). Since we do not known the exact form of the f(T ) function we cannot determine the tachyon field so that we will work with (4.12) without exact form of the tachyon field T = F (x̂_1). Note that in this solution we do not need to presume that T_{min} is extreme of f(T ) with f(T_{min}) = 0. It seams that this solution is more general one than the solution given in the section 3.

We must stress one important thing. We work in this section in the limit N → ∞, when we can replace the matrices with the abstract operators action on Hilbert space, in the same way as in Matrix theory [46, 47, 48, 51]. Then x̂_1, x̂_2 are as the same operators as operators of coordinate and impuls for one particle system in standard quantum mechanics and we can easily calculate the trace in (4.12) E = C_0 g_s Tr 2V (T (x̂_1)) = 2

C_0 g_s ∫ dx_2 ⟨x_2| V (T (x̂_1)) |x_2⟩ = 2C_0 g_s ∫ dx_2dx^′_1dx^{′′}_1⟨x_2|x^′_1⟩V (T (x_1))⟨x^′_1|x^{′′}_1⟩⟨x^{′′}_1 |x_2⟩ = 2 C_0 g_s ∫ dx_2dx_1|⟨x_2|x_1⟩|^2V (T (x_1)) =

2C_0 g_s2πk ∫ dx_1dx_2V (T (x_1)) , (4.13)

where we have used the standard normalisation

⟨x_1|x_2⟩ = 1 √ 2πk e^{ix1x2/k} , (4.14) where |x_1⟩ , |x_2⟩ are eigenvectors of x̂_1 and x̂_2 with the normalisation condition ⟨x_1|x^′_1⟩ = δ(x_1 − x^′_1), ⟨x_2|x^′_2⟩ = δ(x_2 − x^′_2). In [14, 58] the energy of tachyon lump on unstable non-BPS D-brane was calculated. It was shown that the tension of resulting lump (in linearised approximation) is given with the integral C_0 ∫ dxV (T (x)) ∼ T_{−1} = 2π. We cannot write equality since we do not know the precise form of T = F (x) and we do not know the exact form o tachyon potential. However we can expect that this integral gives the result proportional to the tension of D(−1)-brane and then we get E ∼ 2π g_s4π^2α^′k̃g_s ∫ dx_2 =

T_1 g_sk̃ ∫ dx_2 , k̃ = kλ^{−1} , (4.15)

which corresponds to the energy of D1-brane. The factor k̃ can be absorbed with coordinate redefinition. We claim that the energy of this configuration corresponds to the energy of D1-brane. This conclusion is also supported with the analysis of the WZ term (3.8)

I_{WZ} = μ_{−1} 2T_{min} ∫ dt Tr i[Φ^2, T ]C^{(2)}_{2t} = μ_{−1} 2T_{min} 1 2πk ∫ dtdx_1dx_2 dT (x_1) dx_1 C^{(2)}_{2t} = μ_{−1} 2T_{min} 1 4π^2α^′k̃ ∫ dtdx_1 (T (∞) − T (−∞)) C^{(2)}_{2t} = μ_1 ∫ dtdx_2C^{(2)}_{t2} , (4.16)

where we have used T (∞) = −T_{min}, T (∞) = T_{min}, and have dropped the factor k̃. This is precisely the coupling between D1-brane and RR two form. It is remarkable that this exact result does not depend on the precise form of tachyon field. We hope that this result gives strong evidence that (4.3) really leads to the emergence of D1-brane. However, we must stress again that it seams to be hopeless to calculate exactly the energy of resulting configuration without knowledge of exact BI action for non-BPS D0-brane. On the other hand, recent results given in [44] suggest that higher derivative terms could be gauge artefacts only and then it seams to be possible to obtain exact solution.

4.1 Other BPS D-branes from non-BPS D0-branes

In this subsection we will see that we can obtain all BPS D-branes through tachyon condensation in the same way as a D1-brane. Let us consider an ansatz

T = F (x̂_1) , Φ^1 = k^{−1}x̂_2 , [x̂_1, x̂_2] = ik , Φ^{2i} = k^{−1}_i p̂_i , Φ^{2i+1} = k^{−1}_i q̂_i , [p̂_i, q̂_i] = ik_i , i = 1, . . . , p , Φ^i = 0 , i = 2p + 2, . . . , 9 . (4.17) It is easy to see that this ansatz solves (4.1) and from (4.2) we obtain

V (T (x̂_1)) ( 1 + λ^2 2 p∑ i=1 1 k_i ) = λf(T (x̂_1))T^{′2} . (4.18)

We choose the Hilbert space basis |ψ⟩ = |x_1⟩ ⊗ |p_1⟩ ⊗ · · ·⊗ |p_p⟩ , ⟨ψ|ψ^′⟩ = δ(x_1 − x^′_1)δ(p_1 − p^′_1) · · · δ(p_p − p^′_p) . (4.19) Then the energy of given configuration is equal to

E = C_0 g_s 2 Tr V (T (x_1)) ( 1 + λ^2 2 p∑ i=1 1 k^2_i )

∼ T_{2p+1} k̃ ∏^p_{i=1} k̃_i ( 1 + 1 2 p∑ i=1 1 k̃2_i ) ∫ dx_2dp_1dq_1 . . . dp_pdq_p . (4.20)

This is proportional to the energy of D(2p + 1)-brane since this energy scales as V_{2p+1} which is a volume on which this D-brane is wrapped. We have also defined k̃_i = λ−1k_i. These factors can be dropped out from the action after redefinition dp_idq_i/k̃_i → dx_{2i}dx_{2i+1}. Since we used the action in linear approximation, the commutators should obey

λ^2[Φ^i, Φ^k]^2 ≪ 1 =⇒ λ k ≪ 1 . (4.21)

In limit k → ∞ we can neglect the second term in the bracket and after the second redefinition x_2 → x_1 we obtain the result E ∼ T_{2p+1} ∫ dx_1dx_2 . . . dx_{2p+1} , (4.22)

which suggests that the resulting configuration is D(2p + 1)-brane. This claim is also supported with the analysis of the Wess-Zumino term which has a form

I_{WZ} = μ_{−1} 2T_{min} ∫ dt Str ( e^{iλiΦiΦ} i[i_Φ, T ] ∑ n C^{(n)} )

= μ_{−1} 2T_{min} ∫ dt Str i[Φ^1, T ]C^{(2)}_{1t} − − μ_{−1} 4T_{min} p∑ i=1 ∫ dt Str λ[Φ^{2i}, Φ^{2i+1}][Φ^1, T ]C^{(4)}_{1,2i+1,2i,t} − (4.23)

− iμ_{−1} 8T_{min} p∑ i=1,j≠i ∫ dt Str λ^2[Φ^{2i}, Φ^{2i+1}][Φ^{2j} , Φ^{2j+1}][Φ^1, T ]C^{(6)}_{1,2j+1,2j,2i+1,2i,t} + · · · + i(i)^pλ^pμ_{−1} 2T_{min} ∫ dt Str[Φ^2, Φ^3] · · · [Φ^{2p}, Φ^{2p+1}][Φ^1, T ]C^{(2p+2)}_{1,2p+1,2p,...,3,2,t} .

The first term in (4.23) corresponds to the coupling of D1-brane to two form C^{(2)}, as we have seen in (4.16). We will see that this configuration is charged with respect to C^{(2)}, C^{(2)}, . . . , C^{(2p)2}. The same thing also arises in the construction of higherdimensional objects in Matrix theory [46]–[51]. The second term in (4.23) gives p∑ i=1 μ_1 2πλk̃_i ∫ dtdx_1dp_idq_iC^{(4)}_{t1,2i,2i+1} = p∑ i=1 μ_3 ∫ dtdx_1dx_{2i}dx_{2i+1}C^{(4)}_{t1,2i,2i+1}

= p∑ i=1 μ_3 ∫ M_i C^{(4)} , (4.24)

where M_i is a submanifold parameterised with t, x_1, x_{2i}, x_{2i+1}. It is clear that the previous term corresponds to p D3-branes wrapped submanifolds M_i. Again, their interpretation is the same as in Matrix theory.

In the same way we can proceed with other terms. For example, let us consider the third term in (4.23) with i = 1, j = 2. Then we obtain − iμ_{−1}λ^2 2T_{min} ∫ dt Str[Φ^2, Φ^3][Φ^4, Φ^5][Φ^1, T ]C^{(6)}_{15432t} = = − μ_5 k̃2_1k̃2k̃ ∫ dtdx_2dp_1dq_1dp_2dq_2C_{15432t}

= μ_5 ∫ dtdx_1dx_2 . . . dx_5C_{t1...5} = μ_6 ∫ M_{12}

C^{(6)} , (4.25)

where M_{12} is a six-dimensional submanifold parameterised with coordinates t, x_1, . . . , x_5. Finally, the last term in (4.23) gives

μ_{2p+1} ∫ dtdx_1dx_2 . . . dx_{2p}C^{(2p+2)}_{t12...2p} = μ_{2p+1} ∫ C^{(2p+2)} . (4.26)

We see that this configuration really corresponds to the BPS D(2p + 1)-brane. The fact that Φ^i in (4.17) do not commute suggests that the world-volume of resulting configuration is non commutative. It would be nice to study the fluctuation around this static solution. We hope to return to this interesting question in the future.

In the next section we would like to show that the action for N non-BPS D0- branes naturally leads to the non-commutative action for any higher-dimensional non-BPS D-brane, following [40].

5. Non-BPS D-branes from non-BPS D0-branes

We have seen in section (3) that the action for N non-BPS D0-branes has a trivial solution T = T_{min}1_{N×N} , Φ^i = 0 , i = 1, . . . , 9 , (5.1)

2Since the various commutators are pure numbers we can replace the symmetrised trace with the ordinary one.

corresponding to the unstable vacuum with N non-BPS D0-branes. There is a question whether we can construct other non-BPS D-branes. Let us answer this question, following [40] and also earlier works [47], [67]–[70].

We start with the action S = − C_0 g_s ∫ dt Str (√ − det(P [E_{tt} + E_{tI} (X^{IJ} − δ^{IJ} )E_{Jt}] ) × × √ det(Q^I_J ) × F (T, Ṫ , Φ^I , . . .) , (5.2)

with F = V (T ) − ∞∑ n=1 f_n(T )λ^n ( (E^{tt} − E^{tI} E_{IJ} E^{Jt})Ṫ Ṫ + iE^{tK} E_{KJ} [Φ^J , T ]Ṫ − − E_{IJ} [Φ^I , T ][Φ^J , T ] )_n . (5.3)

We introduce the constant background metric E_{IJ} = g_{IJ} , with vanishing B_{IJ} and with E^{tI} = 0. Then Q^{IJ} = g^{IJ} + iλ[Φ^I , Φ^J ]. We also use the notation I, J, K, . . . = 1, . . . , 9; i, j, k, . . . = 1, . . . , 2p; a, b, c, . . . = 2p + 1, . . . , 9. We also assume that this background metric is block-diagonal with the blocks g_{ij}, g_{ab} with g_{ia} = 0. Let us propose an ansatz

T = 0 , Φ^i_{clas} = λ^{−1}x^i , i = 1, . . . , 2p , [x^i, x^j ] = iΘ^{ij} (5.4)

and other fields Φ^a, a = 2p + 1, . . . , 9 in the form Φ^a = x^a1_{N×N} , which describe the transverse positions of the resulting D-brane. It is easy to see that this ansatz (5.4) is a solution of the equation of motion of the whole action since the commutators between tachyon and scalar field vanish and also from the fact that commutators of two Φ^′s are pure numbers and consequently [Φ^i, [Φ^j , Φ^i]] = 0.

Next we will analyse the fluctuation around this background. We will closely follow [40] and write

C_i = λB_{ij}Φ^j = λB_{ij}Φ^j_{clas} + λΦ^j_{fluct} = B_{ij} x^j + Â_i , i = 1, . . . , 2p , Φ^a = Φ^a , a = 2p + 1, . . . , 9 , T_{fluct} = T , (5.5)

and calculate

[C_i, C_j] = −iB_{ij} + B_{ik}[x^k, Â_j] − B_{jl}[x^l, Â_i] + [Â_i, Â_j] , [C_i, Φ^a] = B_{ik}[x^k, Φ^a] + [Â_i, Φ^a] , (5.6)

where we have used B_{ik}B_{jl}[x^k, x^l] = −B_{ik}i(B^{−1})^{kl}B_{lj} = −iB_{ij} . (5.7) Using Φ^i = λ^{−1}Θ^{ik}C_k , (5.8) we obtain iλ[Φ^i, Φ^j ] = λ^{−1}Θ^{ik}(F̂_{kl} − B_{kl})Θ^{lj} , (5.9)

where F̂_{kl} = −iB_{ik}[x^k, Â_l] + iB_{jl}[x^l, Â_i] − i[Â_i, Â_j] . (5.10)

The best thing how we can study the fluctuation around the classical solution is to start with the original form of the determinant

D = det ( g_{tt} λD_tΦ^J −λD_tΦ^I g^{IJ} + iλ[Φ^I , Φ^J ] ) = det D_{tt} D_{tj} D_{tb} D_{it} D_{ij} D_{ib} D_{at} D_{aj} D_{ab} , (5.11)

with the action in the form S = − C_0 g_s ∫ dt Str √ det g_{IJ} √ − det D × F (T, Φ, . . .) , (5.12)

where the factor √ det g_{IJ} arises from T-duality transformation of the dilation (2.7).

We have also written D_t instead ∂_t in order to obtain more symmetric expression. (Remember, we are working in gauge A_0 = 0.) Then we obtain

D_{tb} = λD_tΦ^b , D_{it} = −Θ^{ik}D_tÂ_k , D_{tj} = −D_tÂ_kΘ^{kj} , D_{at} = −λD_tΦ^a , D_{ij} = g^{ij} + iλ[Φ^i, Φ^j] = g^{ij} + λ^{−1}Θ^{ik}(F̂_{kl} − B_{kl})Θ^{lj} , D_{ib} = −Θ^{ik}D_kΦ^b , D_{aj} = −D_kΦ^aΘ^{kj} , (5.13)

where iD_kM = [C_k, M] = B_{kl}[x^l, M] + [Â_l, M] . (5.14)

Finally we have D_{ab} = g^{ab} + iλ[Φ^a, Φ^b] = Q^{ab} . (5.15)

Then

D = det D_{tt} − D_{tb}(Q^{−1})_{bc}D_{ct} D_{tj} − D_{tb}(Q^{−1})_{bc}D_{cj} D_{tb} D_{it} − D_{ib}(Q^{−1})_{bc}D_{ct} D_{ij} − D_{ib}(Q^{−1})_{bc}D_{cj} D_{ib} 0 0 Q^{ab} . (5.16)

The first block-diagonal term suggests emergence of D(2p)-brane. We will show this more precisely

D_{tt} − D_{tb}(Q^{−1})_{bc}D_{ct} = g_{tt} + λ^2D_tΦ^a(Q^{−1})_{ab}D_tΦ^b = P [g_{tt} + g_{ta}(X^{ab} − δ^{ab})g_{bt}] , (5.17)

where meaning of various terms it the same as in the section 3. In the similar way we obtain

D_{tj} − D_{tb}(Q^{−1})_{bc}D_{cj} = (−D_tÂ_k + λD_tΦ^b(Q^{−1})_{bc}D_kΦ^c)Θ^{kj} = (−λF̂_{tk} + P [g_{tk} + g_{ta}(X^{ab} − δ^{ab})g_{bk}])λ^{−1}Θ^{kj} ,

D_{it} = −λ^{−1}Θ^{ik}(−λF̂_{kt} + P [g_{kt} + g_{ka}(X^{ab} − δ^{ab})g_{bt}]) , D_{ij} − D_{ib}(Q^{−1})_{bc}D_{cj} = g^{ij} − λ^{−1}(ΘBΘ)^{ij} + λ^{−1}(ΘF̂ Θ)^{ij} − Θ^{ik}D_kΦ^b(Q^{−1})_{bc}D_bΦ^cΘ^{kj} = −Θ^{ik}λ^{−1}(B_{kl} − F̂_{kl} + P [G_{kl} + G_{ka}(X^{ab} − δ^{ab})G_{bl}])Θ^{lj} ;

G_{ij} = −λ^2Θ_{ik}g^{kl}Θ_{lj} . (5.18)

We combine D_{tt} with D_{ij}, D_{it}, D_{ij} into one single matrix D_{ij}, i, j = 0, 1, . . . , 2p. Then D is equal to D = (det λΘ)^2 det D^′ det Q^{ij} , D = ΘD^′Θ , (5.19) where we have used D = ( A BX Y C −Y P X ) = ( 1 0 0 −Y ) ( A B −C P ) ( 1 0 0 X ) . (5.20)

In previous expression X = Y = λΘ. We can also write

det g det Q^{ab} = det(Q^a_b ) , (5.21)

where we have used the fact that the original action (5.12) contains the factor √ det(g_{IJ} ) = √ det(g_{ij}) √ det(g_{ab}). We can analyse F function (5.3) in the similar way. More precisely

−λ^{−1}Θ^{ik}Θ^{jl}[C_k, T ][C_l, T ] = λ^{−1}Θ^{ik}Θ^{jl}D_kT D_lT = −λ^{−1}(ΘDT DT Θ)^{ij} , (5.22)

and consequently

−g_{ij} [Φ^i, T ][Φ^j , T ] = −g_{ij} λ^2[Θ^{ik}C_k, T ][Θ^{jl}C_l, T ] = −G^{kl}[C_k, T ][C_l, T ] = G^{ij} D_iT D_jT . (5.23)

As a result we obtain F = V (T ) − ∑ n=1 f_n(T )λ^n ( G^{ij}D_iT D_j T − g_{ab}[Φ^a, T ][Φ^b, T ] )_n , (5.24)

where we have included g_{tt} into the definition of G_{ij}.

With these results in hand we get the final result S = − C_0 g_s Str ∫ dt √ det(g_{ij}) det(λ^{−1}Θ) × × √ − det(λ(F̂_{kl} − B_{kl}) + P [G_{kl} + G_{ka}(X^{ab} − δ^{ab})G_{bl}] × × √ det(Q^a_b )F (T, DT, . . .) , (5.25)

where we have used

det(A + B) = det(A + B)^T = det(A − B) , A^T = A , B^T = −B . (5.26)

In the previous equation the trace goes over N × N matrices. Following [40], we can take the limit N → ∞. Then there is a standard relation between the trace over Hilbert space and integration in non-commutative theory, see [37, 40] ∫ d^{2p}x = (2π)^n √ det Θ Tr . (5.27)

We must also remember that the multiplication in the resulting action is noncommutative one with the ordinary product replaced with the star product since, as we can see from (5.4), the world-volume of a non-BPS D(2p)-brane is non commutative. With using

G_s = g_s √ det λB det g , √ det λ^{−1}Θ = λ^{−p} √ det Θ , (5.28)

we obtain from (5.25) the action for non-BPS D(2p)-brane S = − C_{2p} G_s ∫ dtd^{2p}x √ − det ( λ(F̂_{kl} − B_{kl}) + P [G_{kl} + G_{ka}(X^{ab} − δ^{ab})G_{bl}] ) × × √ det(Q^a_b ) ( V (T ) − ∑ n=1 f_n(T )λ^n ( G^{ab}D_aT D_bT − g_{ij}[Φ^i, T ][Φ^j , T ] )_n ) , (5.29)

where we have used C_0 (2πλ)^p = C_{2p} . (5.30)

We have seen that N non-BPS D-branes in the limit N → ∞ have solution corresponding to non-BPS D-branes of higher dimension. This solution is in some sense dual to the tachyon condensation on the world-volume of space-time filling branes with non-commutative world-volume. In fact, there is a closed relation between non-BPS D0-branes and action for non-BPS D-brane written in operator formalism [37, 39, 44]. In this section we have demonstrated this relation more explicitly. The generalisation to the case of non-abelian non-BPS D(2p)-brane is straightforward [40].

6. Conclusion

In this short note we have presented some results considering tachyon condensation in the system of N non-BPS D0-branes. We have seen in the section 2 that there is a solution with zero mass which we have interpreted as a tensionless D0-brane [39, 38]. This problem is similar to the problem of tensionless circular D8-brane in [21]. However, there is a puzzle. If this was genuine light state in type-II string theory they should have been known already from other studies. At present we do not know how resolve this puzzle. Resolution of this problem has been suggested in [41] in the framework of non-commutative geometry which was based on the extra Z_2 discrete gauge symmetry of the action for non-BPS D-brane. We hope to return to this important question in the future.

In section 4 we have proposed an ansatz which leads to the emergence of BPS D-branes from non-BPS D0-branes. Unfortunately, we were not able to calculate the tension of resolution object directly, since we have used the linear approximation only. However, from the form of the energy of this configuration which scales as a energy of BPS D-brane and also from the charge of resulting configuration we can claim the these solutions really describe BPS D-branes in type-IIB theory since non-BPS D0-branes are present in type-IIB theory. It would be nice to go beyond linear approximation which seams to be impossible at present since we do not know the exact form of the action. On the other hand, it was suggested in [44] that it is possible that higher order terms in the action are only gauge artefacts. It would be nice to have some exact proof this intriguing conjecture.

We have also seen that from the action for non-BPS D0-branes we can obtain action for higher-dimensional non-BPS D(2p)-branes in the very elegant way used in the construction of higher dimensional branes in Matrix theory and in type-IIB theory. We have seen that this analysis is valid for the whole effective action without restriction to the linear approximation. The same analysis could be possible with the Wess-Zumino term for a non-BPS D0-branes which could lead to the Wess-Zumino term for non-commutative D-branes presented recently in the beautiful paper [45]. We hope to return to this question in the future.

References

[1] A. Sen, Stable non-BPS bound states of BPS D-branes, J. High Energy Phys. 08 (1998) 010 [hep-th/9805029]; SO(32) spinors of type-I and other solitons on brane-antibrane pair, J. High Energy Phys. 09 (1998) 023 [hep-th/9808141]; Type-I D-particle and its interactions, J. High Energy Phys. 10 (1998) 021 [hep-th/9809111]; Non-BPS states and branes in string theory, hep-th/9904207.

[2] E. Witten, D-branes and K-theory, J. High Energy Phys. 12 (1998) 019 [hep-th/9810188].

[3] P. Hořava, Type IIA D-branes, K-theory and matrix theory, Adv. Theor. Math. Phys.

2 (1999) 1373 [hep-th/9812135].

[4] K. Olsen and R.J. Szabo, Constructing D-branes from K-theory, hep-th/9907140.

[5] E. Witten, Overview of K-theory applied to strings, hep-th/0007175.

[6] Y. Matsuo, Topological charges of noncommutative soliton, hep-th/0009002.

[7] J.A. Harvey and G. Moore, Noncommutative tachyons and K-theory, hep-th/0009030.

[8] A. Lerda and R. Russo, Stable non-BPS states in string theory: a pedagogical review, Int. J. Mod. Phys. A 15 (2000) 771 [hep-th/9905006].

[9] J.H. Schwarz, TASI lectures on non-BPS D-brane systems, hep-th/9908144. [10] A. Sen, Universality of the tachyon potential, J. High Energy Phys. 12 (1999) 027 [hep-th/9911116].

[11] A. Sen and B. Zwiebach, Tachyon condensation in string field theory, J. High Energy Phys. 03 (2000) 002 [hep-th/9912249].

[12] N. Berkovits, The tachyon potential in open Neveu-Schwarz string field theory, J. High Energy Phys. 04 (2000) 022 [hep-th/0001084].

[13] J.A. Harvey and P. Kraus, D-branes as unstable lumps in bosonic open string field theory, J. High Energy Phys. 04 (2000) 012 [hep-th/0002117].

[14] N. Berkovits, A. Sen and B. Zwiebach, Tachyon condensation in superstring field theory, Nucl. Phys. B 587 (2000) 147 [hep-th/0002211].

[15] N. Moeller and W. Taylor, Level truncation and the tachyon in open bosonic string field theory, Nucl. Phys. B 583 (2000) 105 [hep-th/0002237].

[16] R. de Mello Koch, A. Jevicki, M. Mihailescu and R. Tatar, Lumps and p-branes in open string field theory, Phys. Lett. B 482 (2000) 249 [hep-th/0003031].

[17] P.-J.D. Smet and J. Raeymaekers, Level four approximation to the tachyon potential in superstring field theory, J. High Energy Phys. 05 (2000) 051 [hep-th/0003220].

[18] A. Iqbal and A. Naqvi, Tachyon condensation on a non-BPS D-brane,

hep-th/0004015.

[19] N. Moeller, A. Sen and B. Zwiebach, D-branes as tachyon lumps in string field theory, J. High Energy Phys. 08 (2000) 039 [hep-th/0005036].

[20] J.R. David, U(1) gauge invariance from open string field theory, J. High Energy Phys.

10 (2000) 017 [hep-th/0005085].

[21] E. Witten, Noncommutative tachyons and string field theory, hep-th/0006071. [22] L. Rastelli and B. Zwiebach, Tachyon potentials, star products and universality,

hep-th/0006240.

[23] A. Sen and B. Zwiebach, Large marginal deformations in string field theory, J. High Energy Phys. 10 (2000) 009 [hep-th/0007153].

[24] W. Taylor, Mass generation from tachyon condensation for vector fields on D-branes, J. High Energy Phys. 08 (2000) 038 [hep-th/0008033].

[25] R. de Mello Koch and J.P. Rodrigues, Lumps in level truncated open string field theory,

hep-th/0008053.

[26] A. Iqbal and A. Naqvi, On marginal deformations in superstring field theory,

hep-th/0008127.

[27] V.A. Kostelecky and R. Potting, Analytical construction of a nonperturbative vacuum for the open bosonic string, hep-th/0008252.

[28] E. Witten, On background independent open string field theory, Phys. Rev. D 46 (1992) 5467 [hep-th/9208027].

[29] E. Witten, Some computations in background independent off-shell string theory, Phys.

Rev. D 47 (1993) 3405 [hep-th/9210065].

[30] K. Li and E. Witten, Role of short distance behavior in off-shell open string field theory, Phys. Rev. D 48 (1993) 853 [hep-th/9303067].

[31] S.L. Shatashvili, Comment on the background independent open string theory, Phys.

Lett. B 311 (1993) 83 [hep-th/9303143].

[32] S.L. Shatashvili, On the problems with background independence in string theory,

hep-th/9311177.

[33] A.A. Gerasimov and S.L. Shatashvili, On exact tachyon potential in open string field theory, J. High Energy Phys. 10 (2000) 034 [hep-th/0009103].

[34] D. Kutasov, M. Marino and G. Moore, Some exact results on tachyon condensation in string field theory, J. High Energy Phys. 10 (2000) 045 [hep-th/0009148].

[35] D. Ghoshal and A. Sen, Normalisation of the background independent open string field theory action, J. High Energy Phys. 11 (2000) 021 [hep-th/0009191].

[36] N. Seiberg and E. Witten, String theory and noncommutative geometry, J. High Energy Phys. 09 (1999) 032 [hep-th/9908142].

[37] R. Gopakumar, S. Minwalla and A. Strominger, Noncommutative solitons, J. High Energy Phys. 05 (2000) 020 [hep-th/0003160].

[38] K. Dasgupta, S. Mukhi and G. Rajesh, Noncommutative tachyons, J. High Energy Phys. 06 (2000) 022 [hep-th/0005006].

[39] J.A. Harvey, P. Kraus, F. Larsen and E.J. Martinec, D-branes and strings as noncommutative solitons, J. High Energy Phys. 07 (2000) 042 [hep-th/0005031].

[40] N. Seiberg, A note on background independence in noncommutative gauge theories, matrix model and tachyon condensation, J. High Energy Phys. 09 (2000) 003 [hep-th/0008013].

[41] J.A. Harvey, P. Kraus and F. Larsen, Tensionless branes and discrete gauge symmetry,

hep-th/0008064.

[42] R. Gopakumar, S. Minwalla and A. Strominger, Symmetry restoration and tachyon condensation in open string theory, hep-th/0007226.

[43] G. Mandal and S.-J. Rey, A note on D-branes of odd codimensions from noncommutative tachyons, hep-th/0008214.

[44] A. Sen, Some issues in non-commutative tachyon condensation, J. High Energy Phys.

11 (2000) 035 [hep-th/0009038].

[45] S. Mukhi and N.V. Suryanarayana, Chern-Simons terms on noncommutative branes, J. High Energy Phys. 11 (2000) 006 [hep-th/0009101].

[46] T. Banks, W. Fischler, S.H. Shenker and L. Susskind, M-theory as a matrix model: a conjecture, Phys. Rev. D 55 (1997) 5112 [hep-th/9610043].

[47] T. Banks, N. Seiberg and S. Shenker, Branes from matrices, Nucl. Phys. B 490 (1997) 91 [hep-th/9612157].

[48] I.W. Taylor, Lectures on D-branes, gauge theory and M(atrices), hep-th/9801182. [49] T. Banks, Matrix theory, Nucl. Phys. 67 (Proc. Suppl.) (1998) 180 [hep-th/9710231]. [50] T. Banks, Tasi lectures on matrix theory, hep-th/9911068. [51] I.W. Taylor, The M(atrix) model of M-theory, hep-th/0002016. [52] A. Sen, Supersymmetric world-volume action for non-BPS D-branes, J. High Energy Phys. 10 (1999) 008 [hep-th/9909062].

[53] J. Klušon, Remark about non-BPS brane in IIA theory, Phys. Rev. D 62 (2000) 126002 [hep-th/9909194].

[54] J. Klusoň, D-branes from N non-BPS D9-branes in IIA theory, J. High Energy Phys.

02 (2000) 017 [hep-th/9910241].

[55] J. Klušon, D-branes in type-IIA and type-IIB theories from tachyon condensation,

hep-th/0001123.

[56] M.R. Garousi, Tachyon couplings on non-BPS D-branes and Dirac-Born-Infeld action, Nucl. Phys. B 584 (2000) 284 [hep-th/0003122].

[57] E.A. Bergshoeff, M. de Roo, T.C. de Wit, E. Eyras and S. Panda, T-duality and actions for non-BPS D-branes, J. High Energy Phys. 05 (2000) 009 [hep-th/0003221].

[58] J. Klušon, Proposal for non-BPS D-brane action, Phys. Rev. D 62 (2000) 126003 [hep-th/0004106].

[59] R.C. Myers, Dielectric-branes, J. High Energy Phys. 12 (1999) 022 [hep-th/9910053]. [60] A.A. Tseytlin, On non-abelian generalisation of the Born-Infeld action in string theory, Nucl. Phys. B 501 (1997) 41 [hep-th/9701125].

[61] I.W. Taylor and M.V. Raamsdonk, Supergravity currents and linearized interactions for matrix theory configurations with fermionic backgrounds, J. High Energy Phys. 04 (1999) 013 [hep-th/9812239].

[62] I.W. Taylor and M.V. Raamsdonk, Multiple D0-branes in weakly curved backgrounds, Nucl. Phys. B 558 (1999) 63 [hep-th/9904095].

[63] A. Giveon, M. Porrati and E. Rabinovici, Target space duality in string theory, Phys.

Rep. 244 (1994) 77 [hep-th/9401139].

[64] M. Billò, B. Craps and F. Roose, Ramond-Ramond couplings of non-BPS D-branes, J. High Energy Phys. 06 (1999) 033 [hep-th/9905157].

[65] B. Janssen and P. Meessen, A non-abelian Chern-Simons term for non-BPS D-branes,

hep-th/0009025.

[66] M. Nakahara, Geometry, topology and physics, IOP Publishing, 1990. [67] M. Li, Strings from IIB matrices, Nucl. Phys. B 499 (1997) 149 [hep-th/9612222]. [68] H. Aoki, N. Ishibashi, S. Iso, H. Kawai, Y. Kitazawa and T. Tada, Noncommutative Yang-Mills in IIB matrix model, Nucl. Phys. B 565 (2000) 176 [hep-th/9908141].

[69] N. Ishibashi, A relation between commutative and noncommutative descriptions of D-branes, hep-th/9909176.

[70] N. Ishibashi, S. Iso, H. Kawai and Y. Kitazawa, Wilson loops in noncommutative Yang-Mills, Nucl. Phys. B 573 (2000) 573 [hep-th/9910004].